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Workshop	Cases	Studied
HL-CRM

JSM
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Cases Angles	of	Attack	(AoA) Notes

1a 8°,	16° • grid	refinement	study
• full-gap	geometry
• B1	committee	grids,	Coarse-Medium-Fine

1b 16° • grid	adaptation	study
• full-gap	geometry
• in-house,	Simmetrix grids

Cases Angles	of	Attack	(AoA) Notes

2a 4.36°,	10.47°,	14.54°,	
18.58°,	20.59°,	21.57°

• no	nacelle
• C1	committee	grid,	M

2b 21.57° • no	nacelle
• DDES
• adaptation	study,	in-house	Simmetrix grids

2c 4.36°,	10.47°,	14.54°,	
18.58°,	20.59°,	21.57°

• with	nacelle
• C1	committee	grid,	M
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Numerical	Set-Up

6

• Computations	carried	out	with	PHASTA	stabilized,	finite	element	flow	solver.
• Spalart-Allmaras (SA)	one-equation	model	(QCR	results	run,	not	focus	here).

• All	computations	run	fully	turbulent,	no	specified	transition.

• Incompressible	Navier-Stokes	equations	solved.

• All	results	are	with	global	time	stepping:		will	cite	time	step	in	chord	flights.

Slice	across	wing	section	of	the	JSM	grid	used



HL-CRM	– Grid	Convergence	Study
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Lift:
• About	5%	under-prediction	with	Coarse
• Medium	within	1%	of	Fine	for	both	AoA
• Medium	converged to	“true”	solution

Lift	and	drag	coefficients	vs.	number	of	grid	points	to	-2/3	power	

Drag:
• Slower	convergence,	Med.	grid	not	

within	1%	of	Fine	

Lift	Coefficient Drag	Coefficient

Coarse

MediumFine



HL-CRM	– Grid	Convergence	Study

8

Pressure	coefficient	profiles	at	24%	and	68%	of	the	half-span	for	16° AoA

• Excessive	flow	separation	over	both	flaps	with	Coarse	grid
• Medium	and	Fine	grids	almost	identical.

PS2

PS6



HL-CRM	– Grid	Convergence	Study
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Pressure	coefficient	profiles	at	other	pressure	stations	for	16° AoA



HL-CRM	– Grid	Convergence	Study
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Pressure	coefficient	profiles	at	other	pressure	stations	for	16° AoA



HL-CRM	– Grid	Convergence	Study
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Surface	Line	Integral	Convolution	of	Wall	Shear	Stress	at	16° AoA



HL-CRM	– Grid	Convergence	Study
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Surface	Line	Integral	Convolution	of	Wall	Shear	Stress	at	16° AoA

Separation	line	on	
inboard	flap	at	mid-chord



HL-CRM	– Grid	Convergence	Study
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Surface	Line	Integral	Convolution	of	Wall	Shear	Stress	at	16° AoA

Separation	line	on	outboard	
flap	further	downstream,	
flow	stays	attached	for	
longer



HL-CRM	– Grid	Convergence	Study
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Surface	Line	Integral	
Convolution	of	Wall	
Shear	Stress	at	16° AoA –
Zoom	on	flap	gap



HL-CRM	– Grid	Convergence	Study
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Surface	Line	Integral	
Convolution	of	Wall	
Shear	Stress	at	16° AoA –
Zoom	on	flap	gap

Larger	region	of	separated	
flow	at	the	flap	gap



HL-CRM	– Grid	Convergence	Study
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Slice	at	24%	of	half-span	colored	by	span-wise	vorticity		

Negative	vorticity	(out	of	screen)
Positive	vorticity	(into	screen)

Flow	direction



HL-CRM	– Grid	Convergence	Study
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Slice	at	24%	of	half-span	colored	by	span-wise	vorticity		

Distorted	shear	
layer	due	to	lack	of	
resolution

Shear	layers	
accurately	computed



HL-CRM	– Grid	Convergence	Study
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Slice	at	24%	of	half-span	colored	by	span-wise	vorticity		

More	narrow	jet	of	
irrotational	flow	though	
gap,	slower	moving	fluid	
over	the	flap	leading	
edge



HL-CRM	– Grid	Convergence	Study
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Slice	at	24%	of	half-span	colored	by	span-wise	vorticity		

Boundary	layer	
separation



HL-CRM	– Grid	Convergence	Study
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Interim	summary:
• Medium	grid	sufficient	for	convergence	to	within	1%	for	lift,	slightly	more	

than	1%	for	drag.
• Coarse	grid	has	excessive	separation	over	the	flaps.
• Cause	of	excessive	separation	is	the	poor	resolution	of	the	flap	cove	shear	

layer	separation,	the	main	element	wake,	and	the	flap	gap.

Adaptivity:
• This	case	poses	a	difficult	challenge	for	adaptivity:		Medium	grid	only	3x	larger	gives	

close	to	fine	solution	leaves	narrow	margin	for	adaptive	“win”.		Fine	grid	only	9x	
larger.

• In	our	experience,	fully	automatic	anisotropic	adaptivity can	require	4	or	more	cycles	
of	adaptation	and	result	in	grids	as	large	as	medium.		Worthwhile?

• We	explored	a	simpler	approach:
• Start	adaptation	from	a	grid	that	uses	Coarse	“surface”	grid	with	selected	

improvement	in	gaps		and	Medium	normal	spacing,	growth,	and	trailing	edge	
thickness	(new	mesh	is	14.5M	nodes	vs	{8,26.5,70}	M	for	{C,M,F}),

• Attempt,	in	one	adaptation,	to	improve	locations	of	surface	grid	inadequacy	to	
the	same	level	as	fine.

• Goal:	yield	same	quality	as	fine	for	less	computational	effort	than	medium.



HL-CRM	– Custom	Grid	for	Adaptivity
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Pressure	coefficient	profiles	at	inboard	pressure	stations	for	16° AoA



HL-CRM	– Custom	Grid	for	Adaptivity

22

Pressure	coefficient	profiles	at	outboard	pressure	stations	for	16° AoA



HL-CRM	– Custom	Grid	for	Adaptivity
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Pressure	coefficient	profiles	at	outboard	pressure	stations	for	16° AoA

Select	improvements	of	B2	Committee	Coarse	grid	(normal	spacing,	
trailing	edges,	and	modest	gap	resolution)	eliminates	the	extra	
separation	and	bring	the	otherwise	B2	Committee	Coarse	grid	
resolution	into	same	flow	regime	as	Medium	and	Fine	grids	(e.g,.	1%	
CL difference).



Preliminary	Adaptivity

Skinner,	Doostan,	Peters,	Evans,	and	Jansen 24



Preliminary	Adaptivity:	Preserve	Surface	Anisotropy

Skinner,	Doostan,	Peters,	Evans,	and	Jansen 25



Adaptivity:	Fine	Grid	Resolution	Only	Where	Required

Skinner,	Doostan,	Peters,	Evans,	and	Jansen 26



JSM	– Effects	of	Initial	Conditions

• Most	groups	used	steady	RANS,	but	observed	
two	main	strategies	for	initial	conditions
• Starting	every	angle	of	attack	from	free	

stream	conditions	
• Using	converged	solution	at	smaller	angle	of	

attack	– alpha	continuation	
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RANS	computations	on	the	JSM	no-nacelle	
model	from	3rd AIAA	High-Lift	Workshop1

• Significant	variation	in	participant	predictions	due	to:
• Flow	solver	(numerics)
• Turbulence	model
• Modeling	strategy	(initial	conditions	(IC),	time	step	size,	etc.)
• Grids

numerical
experiment	

JSM	Lift	Curve



JSM	– Effects	of	Initial	Conditions
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Linear	Section	of	the	Lift	Curve
• Multiple	solutions	for	the	same	AoA
• Free	stream	IC	leads	to	under-prediction	of	lift
• Alpha	continuation	results	match	experimental	lift	well	

Lift	coefficient	vs.	angle	of	attack	(AoA)



JSM	– Effects	of	Initial	Conditions
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Linear	Section	of	the	Lift	Curve	– 14.54° AoA

• Free	stream	IC	shows	massive	separation	downstream	of	tracks	7	and	8

• Alpha	continuation	solution	only	separated	downstream	of	track	8,	
agreeing	with	experimental	data

Time-averaged	wall	shear	stress	along	the	stream-wise	direction	(Wss_X)

Free	stream	IC Alpha	continuation

Tr8
Tr7

Tr8
Tr7



JSM	– Effects	of	Initial	Conditions
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Linear	Section	of	the	
Lift	Curve	– 14.54° AoA In	wake	of	track	7

In	wake	of	track	8



JSM	– Effects	of	Initial	Conditions
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Maximum	lift	and	stall
• Multiple	solutions	for	the	same	AoA
• Both	approaches	over-predict	maximum	lift	significantly
• Stall	only	predicted	with	free	stream	IC

Lift	coefficient	vs.	angle	of	attack	(AoA)



JSM	– Effects	of	Initial	Conditions
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• Both	solutions	miss	root	separation	seen	in	
experiment,	over-predicting	lift

• Using	free	stream	IC	leads	to	separation	at	track	
7,	better	agreement	in	lift	for	wrong	reason,	
wrong	stall	mechanism

Time-averaged	wall	shear	stress	along	the	stream-wise	direction	(Wss_X)

Free	stream	IC Alpha	continuation

Experimental	oil	flow	
image	at	21° of	JSM

Tr8
Tr7

Tr8
Tr7



JSM	– Effects	of	Initial	Conditions
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Interim	summary:
• Multiple	solutions	exist	for	the	same	AoA depending	on	ICs
• Alpha	continuation	approach	provides	improved	flow	field	solutions	
• Alpha	continuation	is	particularly	effective	in	linear	part	of	the	lift	curve
• Free	stream	initial	conditions	can	lead	to	overly	separated	flow

• Alpha	continuation	can	be	computationally	expensive,	requires	multiple	
computations

• Can	we	converge	to	the	high	lift	solution	if	the	transient	phase	is	not	
neglected	with	steady	RANS,	and	instead	we	perform	a	URANS	from	free	
stream	IC?



JSM	– Unsteady	RANS
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• URANS	from	free	stream	IC	at	21.57° AoA

• ∆𝑡# = ∆𝑡𝑐&'#/𝑈* = 0.05 and		∆𝑡# = 0.01

• time	independent	solution	achieved	with	∆𝑡# = 0.05

• URANS	achieves	same	solution	as	steady	RANS	with	
alpha	continuation,	for	fraction	of	cost
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JSM	– DDES	Pressure	Profiles:	Post-Stall
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Starting	from	URANS	may	or	
may	not	be	OK	because		
separated.	Resolution	
inadequate	for	DDES.

JSM	– DDES	Pressure	Profiles:	Post-Stall



Conclusion
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• JSM:	Multiple	solutions	exist	for	the	same	AoA depending	on	ICs
• Alpha	continuation	approach	agrees	well	with	experiments	performed	

similarly
• RANS	from	free	stream	initial	conditions	can	lead	to	overly	separated	flow
• URANS	achieves	same	results	as	alpha-continuation	with	substantially	less	

cost	(for	a	single	angle	of	interest).
• Preliminary	DDES	perform	slightly	better	than	URANS	but	more	refinement	

needed
• So	far	DDES	is	not	showing	root	stall	as	seen	in	experiments
• Will	it	need	better	transition	model	to	capture	this	effect?
• HL	CRM:		coarse	grid	shows	excessive	separation	but	medium	and	fine	in	

good	agreement.	
• Adaptive	grids	being	pursued	to	understand	if	coarse	grid	+	adaptivity can	

get	fine	grid	quality	at	less	than	medium	grid	cost.
• Semi-automatic	adaptivity that	preserves	surface	grid	anisotropy	is	showing	

promise	to	reduce	number	of	adaptation	cycles.
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